We report the mechanism of dopant-segregation ͑DS͒ technique as applied in metal-germanium-metal photodetectors ͑MGM-PDs͒ for dark current suppression. Photodetectors with various dopant-segregation strategies were designed, fabricated, and characterized. Results show that asymmetric MGM-PD, with n-and p-type dopants segregated separately in two NiGe electrodes, is the optimized scheme in terms of dark current and responsivity. It shows a dark current of 10 −6 A at −1 V, which is two to three orders of magnitude lower than that of MGM-PD without DS. n-type dopant ͑As͒ segregation in NiGe barrier increases the hole Schottky barrier height to 0.5 eV and, thus, plays a crucial role in dark current suppression. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2841061͔ Heteroepitaxial Ge on Si provides an alternative solution for near-infrared photodetection for its low cost, process simplicity, and its compatibility with metal-oxide-semiconductor field effect transistor. Ge photodetectors on Si substrate have been demonstrated successfully 1-4 with high quality Ge epitaxial layer achieved using two-step Ge growth method. Metal-semiconductor-metal photodetector ͑MSM-PD͒ is a promising candidate for optoelectronic integrated circuit due to its ease of fabrication, low detector capacitance, and large device bandwidth. 4, 6, 7 Nonetheless, the excessive dark current of MSM-PDs results in extra power consumption.
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In MGM-PDs, Schottky barrier height ͑SBH͒ scaling due to the narrow band gap and strong Femi-level pinning of metal/Ge interface at valence band further degrades the dark current. 6 Several techniques were proposed for dark current suppression, such as amorphous Ge SBH enhancement layers, 4 asymmetric area electrodes, 7 and asymmetric metal electrodes. 6 Recently, dopant segregation ͑DS͒ during silicidation technique had been successfully introduced into Schottky barrier-metal-oxide semiconductor field effect transistors ͑SB-MOSFETs͒, with demonstration of a significant improvement in drivability and off-state leakage current. 8, 9 In this paper, we demonstrate an effective SBH engineering using the DS technique in MGM-PDs for dark current suppression. Along with the discussion on the dark current suppression mechanism, the effects of different DS strategies on the PD's electrical and optical behaviors are investigated.
Devices were fabricated on 8 in. p-type Si ͑100͒ wafer. First, the windows through a SiO 2 layer ͑120 nm͒ were opened for subsequent selective Ge epigrowth. High quality Ge epilayer ͑300 nm͒ was achieved by the two-step growth method combining with an intermediate ultrathin SiGe buffer ͑25 nm͒ in ultrahigh vacuum epichamber. The details can be found in Ref. 10 . Ge was patterned and then implanted with arsenic ͑As: 1 ϫ 10 15 cm −2 / 12 keV͒ and boron ͑B: 1 ϫ 10 15 cm −2 / 12 keV͒ in the PD electrode regions for DS contact formation. Four DS schemes for MGM-PDs were designed and fabricated on the same wafer for fair comparison. The DS split is described in the caption of Fig. 1 . For the np-DS configuration, the outer electrode is implanted with B, while the inner electrode was implanted with As for the n-type electrode. After SiO 2 deposition, patterning, and contact hole etching, 25 nm Ni was deposited by sputtering for DS-NiGe electrode formation. Germanidation was carried out by rapid thermal annealing at 350°C. Energy dispersive spectroscopy analysis on the Ni-germanide shows formation of mono-nickel germinade ͑NiGe͒. Unreacted Ni was removed by diluted nitric acid. Finally, Al metallization was performed. Figure 1 shows the schematic diagram of cross section of MGM-PD with 17 m spacing between two electrodes. Secondary-ion-mass spectroscopy ͑SIMS͒ has been employed to evaluate the DS effect in germanium substrate. From SIMS depth profiles of As and B in NiGe/ Ge interfaces, it was observed that both As and B atoms were segregated around the interfaces of NiGe/ Ge ͑e.g., As ϳ4 a͒ Author to whom correspondence should be addressed. Electronic mail: elelsj@nus.edu.sg.
FIG. 1. ͑Color online͒ Schematic diagram of cross section of MGM-PD
͑inner electrodes width: 205 m; outer electrodes width: 315 m͒. DS schemes for MGM-PDs: ͑1͒ non-DS ͑with no DS in both inner and outer electrodes͒, ͑2͒ pp-DS ͑with B DS in both inner and outer electrodes͒, ͑3͒ np-DS ͑with As DS in inner electrode and B DS in outer electrode͒, and ͑4͒ nn-DS ͑with As DS in both inner and outer electrodes͒. ϫ 10 18 cm −3 and B ϳ3 ϫ 10 19 cm −3 ͒. The implanted region was fully consumed by NiGe during germanidation, so the profiles of dopant atoms near the interface were determined only by the segregation effect.
9 Figure 2 shows the dark current performances of MGM-PDs with different DS structures in the NiGe contact electrodes. The outer electrode is grounded for all electrical characterization, while a bias is applied to the inner electrode. Figure 3 shows the schematic of conduction and valence band profile in DS-MGM-PD with/without DS in two NiGe electrodes at positive biased condition. The two major components of dark current are carrier injection over the Schottky barrier ͑SB͒ ͑I 1 and I 2 ͒ and current associated with the thermally generated electronhole pairs ͑I 3 and I 4 ͒. Since the epi-Ge has a threading dislocation of about 10 7 cm −2 , 10 I 3 and I 4 are also considerable components to dark current. In MGM-PD without DS technique, as shown in Fig. 3͑a͒ , due to the Fermi-level pinning effect between NiGe and Ge, hole SBH is about 0.07-0.1 eV in NiGe/ p-Ge and electron SBH is about 0.6 eV in NiGe/ n-Ge. 9, 11 The major component of the dark current is the hole injection over the SB ͑I 1 ͒. The MGM-PD without DS shows a high dark current of 4 ϫ 10 −4 A at 1 V ͑Fig. 2͒. In pp-DS-MGM-PD, B segregated in NiGe/ Ge interface causes an abrupt band bending upward, resulting in the reduction of effective hole SBH and, thus, facilitating hole tunneling probability. Simultaneously, the electron current ͑I 2 and I 3 ͒ decreases due to the modulation of effective electron barrier. Since I 1 is the dominant part in the dark current, the PD with pp-DS shows a higher dark current than the PD without DS. The MGM-PD with np-DS shows a dark current of 10 −6 A at −1 V, which is two to three orders of magnitude lower than that of MGM-PD without DS. It is reported that the NiGe/ Ge with As ͑1 ϫ 10 15 cm −2 ͒ segregation can lower the effective electron barrier height up to 0.1 eV. 11 Meanwhile, the downward band-bending induced by As DS increases the effective hole SBH 12, 13 and, thus, suppressing the major component of MGM-PD dark current. Among all the structure, the MGM-PD with nn-DS shows lowest dark current. The asymmetry in I-V curves under forward and reverse bias can be attributed to the electrodes width asymmetry. 7 Figure 3͑d͒ shows the band diagram of MGM with nn-DS, which is similar to the one for DS n-MOSFET. 12, 13 The hole current was suppressed due to the increase of effective hole barrier height. In addition, the SB in low potential electrode blocks the thermally generated hole current ͑I 4 ͒.
The dark current comparison of DS-MGM-PDs indicates that hole injection over SB is the major contribution to the dark current and As segregation leads to a crucial role in dark current suppression. The effective hole barrier height of Assegregated NiGe/ Ge contact is extracted to be 0.5 eV using the thermionic-emission theory.
14 To study the DS effect on PD's efficiency, the photocurrent of MGM-PDs at a wavelength of 1.55 m was measured. Figure 4 shows the photocurrent and dark current of MGM-PDs with nn-DS and np-DS. The inset of Fig. 4 illustrates the comparison of photon generated current ͑photocurrent minus dark current͒ between the two DS strategies. The MGM-PD with np-DS shows 50% higher photocurrent than that of the MGM-PD with nn-DS. In Fig. 2 , the MGM-PD with nn-DS shows lowest dark current. The hole SB in low potential side not only decreases the thermally generated hole current ͑I 4 ͒ but also blocks the photon generated hole current. It is interesting to observe that the PD with nn-DS shows a low dark current and a high photocurrent when the inner electrode is positive biased. When inner electrode is negatively biased, the PD shows a higher dark current but a lower photocurrent. Under light illumination, the photogenerated hole in the nn-DS PD encounters an effective hole barrier created by the dopant segregation of As, as shown in Fig. 3͑d͒ . With a positive bias, photogenerated hole is limited by the hole barrier at the outer electrode ͑wider width͒. A comparison of the photocurrents under positive and negative biases shows that the PD structure asymmetry may alleviate the SB photocurrent blocking effect. However, even at positive-biased condition, MGM-PD with nn-DS still shows 35% degradation in photocurrent as compared to MGM-PD with np-DS. The DS modulated SB at low potential side causes the degradation of the MSM-PD's photocurrent and must be avoided in device design. In summary, we demonstrated MGM-PDs on Si substrate with suppressed dark current using dopant-segregation technique. The As segregation in electrode plays a crucial role in dark current suppression. The nn-DS structure shows lowest dark current and photocurrent degradation. The degradation can be alleviated by asymmetry electrode width. The DS-MGM-PD with n-and p-type dopants segregated separately in two electrodes is the optimal structure for dark current suppression and photocurrent detection. 
